Summary. Mouse embryos (8-cell) fully equilibrated in 1\m=.\5 M-glycerol were cooled slowly (0\m=.\5\s=deg\C/mi n) to temperatures between \m=-\7\m=.\5and \m=-\80\s=deg\Cbefore rapid cooling and storage in liquid nitrogen (\m=-\196\s=deg\C). Some embryos survived rapid warming (~500\s=deg\C/min)irrespective of the temperature at which slow cooling was terminated. However, the highest levels of survival of rapidly warmed embryos were observed when slow cooling was terminated between \m=-\ 25 and \m=-\80\s=deg\C(74\p=n-\86%). In contrast, high survival (75\p=n-\86%) was obtained after slow warming (~2\s=deg\C/min)only when slow cooling was continued to \m=-\55\s=deg\Cor below before transfer into liquid N2. Injury to embryos cooled slowly to \m=-\30\s=deg\Cand then rapidly to \m=-\196\s=deg\Coccurred only when slow warming (~2\s=deg\C/min) was continued to \m=-\60\s=deg\Cor above.
Introduction
Initial success in the cryopreservation of mouse embryos is generally attributed to the presence of molar concentrations of a cryoprotective additive and the use of slow cooling (< l°C/min) and warming ( < 25°C/min) over the temperature interval~-5 to -60°C (Whittingham, Leibo & Mazur, 1972; Wilmut, 1972; Leibo, Mazur & Jackowski, 1974) . Early work on the cryopreservation of sheep and cattle embryos, however, suggested that embryos would survive rapid warming (360°C/min) especially when slow cooling (0-3°C/min) was terminated at temperatures between -30 and - 45°C by direct transfer into liquid nitrogen (-196°C) (Willadsen, 1977; Willadsen, Polge & Rowson, 1978;  Polge . Whittingham, Wood, Farrant, Lee & Halsey (1979) re-examined the effect of warming rate on the survival of mouse embryos in dimethyl sulphoxide (DMSO) when slow cooling was similarly terminated at various temperatures between -10 and obtained after rapid warming, but only when slow cooling was terminated between -30 and -50°C. On the basis of these findings, Whittingham et al. (1979) suggested that intracellular freezing may play a role in slow-warming injury and perhaps in rapid-warming survival.
There is some evidence that both the type of cryoprotectant and the concentration present during freezing and thawing may modulate the sensitivity of embryos to the rate of warming (Whittingham, 1981) . Preliminary data for the mouse (Rail & Polge, 1981 ;  Kasai, Niwa & Iritani, 1981;  Smorag, Katska & Wierzbowski, 1981) and the cow (Lehn-Jensen & Greve, 1981 ; LehnJensen & Rail, 1983) suggest that embryos frozen in glycerol may exhibit an altered sensitivity to the warming conditions when compared to embryos frozen similarly in DMSO. This paper examines (1) Whittingham, 1974 (Rail, Mazur & McGrath, 1983 (Willadsen, 1977) . Samples were held at room temperature for 5 min and then 0-1, 0-2, 0-2, 0-4 and 0-4 ml PB1 was added to the tubes and mixed at 10 min intervals. Embryos in propylene glycol were diluted in 3 steps: 0-1, 0-2 and 0-5 ml PB1 at 5 min intervals. The contents of each tube were then poured into a Petri dish, the tubes were rinsed with 1 ml PB1, and the embryos collected. Approximately 90% of the embryos frozen were recovered after dilution.
Survival assay. Embryos were washed in PB1, placed into 20 pi drops of BMOC-3 medium (Brinster, 1972) (Rail, Reid & Farrant, 1980) . Small slivers of a broken No. 0 coverglass placed around the droplet prevented the embryos from being crushed. Paraffin oil was placed in the remaining airspace between the coverglasses to prevent evaporation and to facilitate recovery of the embryos after cryomicroscopy. The coverglass assembly was then transferred onto the temperature-controlled slide of a cryomicroscope stage (Reid, 1978) . The appearance of the embryos during cooling and warming was recorded on time-lapse videotape and 35 mm Ilford HP5 film using phase-contrast optics on a Wild M20 microscope. To recover the embryos from the coverglass assembly after freezing and thawing, the assembly was transferred into a Petri dish of PB1 containing 1-5 mglycerol, and then the coverglasses were separated using fine-tipped forceps. Finally, the embryos were recovered from the dish and diluted and cultured as above. (7) 137 (9) 131 (9) 77 (5) 116 (5) 120 (6) 114 (6) Fig. 12, arrow) . Approximately 20 min after PI. 1, Fig. 12 
Discussion
The ability of glycerol (1-5 m) to protect mouse embryos from the deleterious effects of freezing and thawing depended on the cooling and warming conditions. Embryos exhibited high survival (77-86%) after slow warming (2°C/min) when slow cooling (0-5°C/min) was terminated at any temperature between -55 and -80°C by rapid cooling (500°C/min) in liquid N2. (Whittingham et al, 1972 (Whittingham et al, , 1979 Wilmut, 1972) (Rail & Polge, 1981; Kasaier al, 1981; Miyamoto & Ishibashi, 1983) . Injury associated with rapid warming has been attributed to osmotic stresses that may occur at subzero temperatures (Leibo etal, 1974) . Two factors may permit embryos in 1-5 M-glycerol (or propylene glycol) to avoid rapid-warming injury. Firstly, the concentration of additive present during cryopreservation may influence the osmotic behaviour of the embryos during thawing. Whittingham (1981) has observed a decrease in the sensitivity of slowly frozen mouse embryos to the rate of warming when the concentration of DMSO is increased from 1 -0 to 2-0 M and similar results have been reported for sheep embryos (Willadsen, 1977) . Secondly, the extent of intracellular equilibrium of the additive before cryopreservation may also play an important role in rapid warming injury. Cryoprotectants are usually added to mouse embryos at 0°C, conditions that ensure little or no penetration of the additive (Leibo et al, 1974 ; Jackowski, Leibo & Mazur, 1980) . Although the extent of prior permeation of DMSO does not influence the survival of slowly warmed embryos (Leibo et al, 1974) , full permeation of glycerol may modify or eliminate the osmotic stresses that presumably occur during rapid warming. For example, McGann (1979) (Whittingham et al, 1972; Leibo, McGrath & Cravalho, 1978) . These events include: (1) the gradual shrinkage of embryos during slow cooling as the extracellular solution progressively freezes; (2) the absence of visible crystallization of the concentrated cytoplasm and residual extracellular liquid during subsequent rapid cooling; (3) the gradual melting of extracellular ice and partial rehydration of the embryos during slow warming; and (4) the gradual swelling of the embryos to their initial volume after the ice melts. Two additional observations warrant further consideration. Firstly, a series of interconnecting 'fracture-planes' formed in the extracellular ice matrix during rapid cooling. When a fracture plane passed through an embryo, cracked or broken zonae were found after thawing (Plates 1 and 2, arrows). Fracture planes may, therefore, explain the origin of zona damage frequently observed after the cryopreservation of mammalian embryos (Willadsen, Polge, Rowson & Moor, 1976; Whittingham & Adams, 1976) . The fracturing presumably results from mechanical stresses caused by a temperature gradient within the ice crystals (Gold, 1961 (Gold, , 1963 Figs 1-6 were taken at the indicated temperatures. Fig. 1 shows the extracellular ice front as it passes the embryos. The embryos were then cooled rapidly (~250°C/min) to -152°C (Fig. 7) . Subsequently the embryos were warmed rapidly to -100°C and then slowly (5°C/min) to room temperature 1978). Secondly, gas bubbles formed during slow warming, usually when the temperature was above -70°C (see Plate 1) . Bubbles generally nucleated along the fracture planes and often detached and floated in the liquid-filled channels between the ice crystals. Although gas bubbles are thought to disrupt cells during freezing and thawing (Scholander, Flagg, Hock & Irving, 1953; Billingham, 1957 ; Steponkus & Dowgert, 1981) -fig. 1 ). These results agree with earlier observations on the survival of similarly cooled mouse (Whittingham et al, 1979) and sheep (Willadsen, 1977) embryos in DMSO and cattle embryos in glycerol (Lehn-Jensen, Greve & PerezNavas, 1981 ). The present survival data suggest that slow-warming injury of embryos in glycerol results from a mechanism similar to that found for embryos in DMSO (Rail et al, 1980; Rail, Reid & Polge, 1984 (Rail et al, 1980) indicates that embryos in glycerol tolerate slow warming to temperatures some 10°C higher. The improved survival presumably results from the superior glass-forming abilities of glycerol solutions (Cocks, Hildenbrandt & Shepard, 1975) . This property results from the facts that (1) glycerol solutions generally exhibit a higher viscosity than the equivalent DMSO solutions, and (2) glycerol is less effective than DMSO in reducing the quantity of ice formed at any subzero temperature (Shepard, Goldston & Cocks, 1976 
